Purpose The organic cation transporters (OCTs) and multidrug and toxin extrusions (MATEs) together are regarded as an organic cation transport system critical to the disposition and response of many organic cationic drugs. Patient response to the analgesic morphine, a characterized substrate for human OCT1, is highly variable. This study was aimed to examine whether there is any organic cation transportermediated drug and drug interaction (DDI) between morphine and commonly co-administrated drugs. Methods The uptake of morphine and its inhibition by six drugs which are commonly co-administered with morphine in the clinic were assessed in human embryonic kidney 293 (HEK293) cells stably expressing OCT1, OCT2 and MATE1. The in vivo interaction between morphine and the select irinotecan was determined by comparing the disposition of morphine in the absence versus presence of irinotecan treatment in mice. Results The uptake of morphine in the stable HEK293 cells expressing human OCT1 and OCT2 was significantly increased by 3.56 and 3.04 fold, respectively, than that in the control cells, with no significant uptake increase in the cells expressing human MATE1. All of the six drugs examined, including amitriptyline, fluoxetine, imipramine, irinotecan, ondansetron, and verapamil, were inhibitors of OCT1/2-mediated morphine uptake. The select irinotecan significantly increased the plasma concentrations and decreased hepatic and renal accumulation of morphine in mice. Conclusions Morphine is a substrate of OCT1 and OCT2. Clinician should be aware that the disposition of and thus the response to morphine may be altered by co-administration of an OCT1/2 inhibitor, such as irinotecan.
INTRODUCTION
Morphine, a natural alkaloid derived from the immature seedpods of the opium poppy Papaver somniferum, was separated by Friedrich W. Serturner in 1803 (1) . Morphine has been the most marked analgesic and sedative opioid for a long time (2) and is still frequently used for treatment of chronic and acute pain throughout the world (3, 4) . The consequences of morphine use include the desirable effect of analgesia and the undesirable side effects of reduced gastrointestinal peristalsis, nausea, vomiting, constipation, urinary retention, xerostomia, euphoria, respiratory depression, miosis, itch and sweating (5, 6) . The successful pain management with opioids would be adequate analgesic effect without excessive adverse effects (7) . However, a significant proportion of patients (up to 30%) treated with morphine do not have such a successful outcome (2, 8) . To optimize the therapeutic strategy of morphine remains a major clinical challenge.
Before eliminated by the kidney, morphine undergoes extensive metabolism in the liver. The main metabolic pathway is the glucuronidation of morphine into the inactive morphine-3-glucuronide (M3G) and the analgesically active morphine-6-glucuronide (M6G) (9) that is catalyzed predominantly by uridine 5′-diphospho-glucuronosyltransferase 2B7 (UGT2B7) (10) . However, the majority of morphine is positively charged at physiological pH 7. 4 and it has been unclear for a long time how morphine crosses the cellular membrane to be metabolized in hepatocytes. The human organic cation transporter 1 (OCT1, or SLC22A1) is expressed mainly in the sinusoidal membrane of hepatocyte, mediating the hepatic uptake of many cationic drugs (11) . Tzvetkov et al. have recently demonstrated that morphine is a substrate of OCT1, which is necessary for morphine uptake in the liver, and that loss-of-function OCT1 polymorphisms result in a significant decrease of morphine uptake (12) . These findings were confirmed by Fukuda et al. who reported that the plasma concentration of morphine was significantly higher in pediatric patients with the genotypes conferring decreased function of OCT1 (13) . Interestingly, the Met420del and Arg61Cys, two of OCT1 polymorphisms leading to decreased transport function, have been associated with increased incidence of morphine-related respiratory depression, nausea and vomiting, strongly suggesting that the function of OCT1 is a factor contributing to the clinical outcome of morphine treatment (14) .
Morphine and its metabolites can be eliminated into the urine. The function of renal cationic drug transporters may be important in the disposition of morphine and its metabolites as well. Various drug transporters are located in human renal tubular cells, among which the basolateral OCT2 and the apical multidrug and toxin extrusion 1 and 2-K (MATE1, MATE2-K) are critically involved in renal accumulation and elimination of cationic drugs (15, 16) . However, whether these renal organic cation transporters involve in morphine disposition have yet to be determined.
Due to their role in drug disposition, hepatic and renal transporters have been widely viewed as a key player in drug-drug interactions (DDIs) (17) (18) (19) . The patients, who require morphine for pain management in various diseases, such as cancer and other chronic disorders, commonly receive multiple medications that may significantly increase the incidence of adverse drug effects (2) . The transporter-mediated DDIs might act as a potential mechanism underlying the side effects related to the usage of morphine. Certain drugs, such as ondansetron and irinotecan, which are frequently coadministered with morphine, have been previously shown to potently inhibit the cellular uptake of morphine via OCT1 (12) . As OCTs and MATEs have significantly overlapping substrates and inhibitors (20) , we speculate that other OCT and MATE transporters, in addition to OCT1, could be involved in the cellular uptake of morphine and its DDIs.
In the present study, we first sought to determine whether morphine was a substrate for organic cation transporters including OCT1, OCT2 and MATE1 in stable HEK293 cells. We then studied the inhibition of these morphine transporters by several drugs which are commonly co-administered with morphine in the clinic. Lastly, we investigated whether irinotecan, the most potent inhibitor of morphine uptake in our cellular studies, affected the plasma level and tissue distribution of morphine in mice.
MATERIALS AND METHODS

Chemical and Reagents
All chemicals and general reagents used in this study were of analytical grade or better. The Dulbecco's modified Eagle's medium (DMEM), Opti-MEM reduced serum medium, heat-inactived fetal bovine serum(FBS), phosphate-buffered saline (PBS), Lipofectamine 2000, penicillin, streptomycin, hygromycin, TRIzol, Flp-In transfection system, and trypsin/EDTA were obtained from Invitrogen. Unlabeled morphine, fluoxetine, imipramine, amitriptyline, irinotecan, ondansetron and verapamil were purchased from Sigma Chemical Co. (St. Louis, MO). 
Cell Culture
Human embryonic kidney 293 cells(HEK293)were initially obtained from the American Type Culture Collection (ATCC) and maintained in our laboratory. HEK293 Flp-In cells stably expressing human (h) OCT1, hOCT2 and hMATE1 were established as we described previously (21) . HEK293-mock, HEK293-hOCT1, HEK293-hOCT2 and HEK293-hMATE1 cells were maintained under humidity with 5% CO 2 at 37°C in DMEM supplemented 10% (v/v) heat-inactivated FBS, 100 units/ml penicillin, 100 μg/ml streptomycin, and 75 μg/ml hygromycin.
Uptake Experiments in HEK293 Cells
When the cells reached more than 90% confluence at fortyeight hours after seeding, HEK293-mock, HEK293-hOCT1, HEK293-hOCT2 and HEK293-hMATE1 cells were used for uptake experiments. For the uptake mediated by hOCT1 and hOCT2, the cells were carefully washed with pre-warmed KRH buffer containing 125 mM NaCl, 25 mM HEPES (pH 7.4), 5.6 mM glucose, 4.8 mM KCl, 1.2 mM MgSO 4 , 1.2 mM CaCl 2 and 1.2 mM KH 2 PO 4 after removal of the culture medium, and then pre-incubated in KRH buffer for 10 min at 37°C. For the uptake mediated by hMATE1, the cells were carefully washed with pre-warmed KBB buffer containing 140 mM KCl, 0.8 mM MgSO 4 , 1.0 mM CaCl 2 , 0.4 mM KH 2 PO 4 , 10 mM HEPES (pH 7.4), and 25 mM glucose. The HEK293-hMATE1 cells were then preincubated in KBB buffer supplemented with 30 mM NH 4 Cl (pH = 8.0) for 10 min at 37°C. This pre-incubation was to create an H + gradient across the membrane that served as the driving force of hMATE1-mediated uptake as described previously (21) . Pilot uptake experiments were performed to optimize the uptake time. The cells were eventually incubated with uptake buffer (KRH for hOCT1 and hOCT2; NH 4 Clfree KBB for hMATE1) containing 0.2 μM morphine ( 3 Hmorphine: unlabeled morphine = 1:10000) for 2 min (hOCT1), 6 min (hOCT2) or 3 min (hMATE1). At the end of the incubation period, the uptake buffer was removed and the cells were carefully washed with ice-cold buffer (pH 7.4) three times. Then cells were lysed and the concentration of radioactivity in the cell lysate were measured as previously described (21) . The uptake rate was corrected with cellular protein concentration in each assay. To normalize the results across different repeats of experiments, the uptake rates of morphine in HEK293-hOCT1, HEK293-hOCT2 and HEK293-hMATE1 cells were presented as a fold change relative to the respective control cells.
In Vitro Transporter Inhibition Assay
As describe above, the HEK293-hOCT1 and HEK293-hOCT2 were incubated in the reaction mixture with 0.2 μM morphine ( 3 H-morphine: unlabeled morphine = 1:10000) and various concentrations of different potential inhibitors for 2 min (hOCT1) or 6 min (hOCT1). The cells were lysed and the radioactivity of intracellular morphine was counted as described above.
Animal Studies
All animal studies were conducted in accordance with National Institutes of Health (NIH) guidelines for animal experimentation and according to a protocol approved by the Institutional Animal Care and Use Committee (IACUC) of the School of Pharmacy, University of Maryland at Baltimore. All mice used in the experiments were 10 to 12 weeks old C57BL/6 J mice. The mice were housed in a temperaturecontrolled environment of 23 ± 1°C with a 12-h light/dark cycle (lights on 08:00 AM). The mice were given a standard mouse diet, with water provided ad libitum.
Twelve C57BL/6 J mice were randomly assigned to control group (n = 6) and irinotecan treatment group (n = 6). Irinotecan dissolved in sterile saline. The mice in irinotecantreated group were intraperitoneally injected with irinotecan at dose of 45 mg/kg and subsequently intraperitoneally injected with morphine at a dose of 1.45 mg/kg morphine ( 3 H-morphine: unlabeled morphine = 1:10000) after 30 min. The mice in control group were treated with the vehicles (sterile saline) and subsequently morphine as described above. We chose two time points, 12 min and 30 min after intraperitoneal morphine injection, to compare the plasma concentrations of morphine between the irinotecan-treated mice and the saline-treated mice. Blood samples were centrifuged for 10 min at 4°C at 8000 g to separate plasma. Next, 6 μl of plasma was carefully added into 2 ml of scintillation buffer. The radioactivity of morphine was determined at a Beckman LS6500 scintillation counter (Brea, CA). After the second blood collection, the mice were euthanized. The liver and kidney tissues were isolated as described previously for the measurement of accumulated morphine (21) .
Statistical Analysis
All results were presented as the mean ± standard deviation (SD). The IC 50 (the concentration of inhibitor leads to 50% of inhibition) was calculated using GraphPad Prism 5(San Diego, CA) by fitting the experimental data with a built-in log(inhibitor) vs. response equation:
where Y is the percentage of morphine uptake normalized to the control condition (no inhibitor, set to 100%), X is the log concentration of inhibitor, and the Hill Slope describes the steepness of the curve and is determined by the software. For parametric data, comparisons between two groups were performed using the unpaired 2-tailed Student's t test, and multiple comparisons were analyzed using the one-way analysis of variance (ANOVA) followed by Dunnett's test. P < 0.05 was considered as the level of significance.
RESULTS
Uptake of Morphine by HEK-293 Cells Expressing hOCT1,hOCT2 and hMATE1
To determine if morphine is a substrate for hOCT1, hOCT2 and hMATE1, the uptake assays were conducted in HEK-293 cells stably expressing these transporters (HEK293-hOCT1, HEK293-hOCT2, and HEK293-hMATE1) and in the mock cells expressing the empty vector (HEK293-mock). The transporter function of these cells has been well characterized in our previous reports by using classical substrates such as metformin (21, 22) . In this study, the cells were incubated with 0.2 μM morphine ( 3 H-morphine: unlabeled morphine = 1:10000) for 2 min (hOCT1), 6 min (hOCT2) and 3 min (hMATE1), respectively. The uptake of morphine in HEK293-hOCT1 and HEK293-hOCT2 was significantly increased by 3.56 and 3.04 fold, respectively, than that in the mock cells (Fig. 1a, b) . However, there was no difference in the uptake of morphine between HEK-hMATE1 and the mock cells (Fig. 1c) . As hMATE1 and hMATE-2 K have significantly overlapping substrates and inhibitors, we did not further investigate the role of hMATE-2 K in morphine transport.
The results of our uptake assays indicated that morphine is a substrate of hOCT1 and hOCT2 but not of hMATE1.
Inhibition of hOCT1 and hOCT2-Mediated Cellular Morphine Uptake by Different Drugs
The identification of hOCT1 and hOCT2 as the uptake transporters of morphine has implications in DDIs. We tested the inhibition potency against the hOCT1-and hOCT2-mediated uptake of morphine for six drugs that are commonly co-prescribed with morphine in the clinic. The inhibition on the uptake of morphine by all tested drugs was concentrationdependent in HEK293-hOCT1 and HEK293-hOCT2 cells (Figs. 2 and 3) . The IC 50 (half maximal inhibitory concentration) by these drugs for hOCT1 varied between 0.27 μM (ondansetron) to 9.62 μM (verapamil) and for hOCT2 between 0.24 μM (ondansetron) to 3.32 μM (fluoxetine). We compared the IC 50 values of these tested drugs with their C max,unbound from the literature (Table I) . A ratio of C max,unbound / IC 50 more than 0.1 may suggest a clinically relevant inhibition of transporter activity by the inhibitor (24) . Since human OCT1 is highly expressed in the sinusoidal membrane of hepatocytes, the maximal unbound plasma concentration in the portal vein (C max port, unbound ) may be more appropriate to assess the potential DDI risk involving OCT1. Therefore, we also compared the IC 50 values of these tested drugs with their C max port, unbound (Table I) . Of note, the C max, unbound of irinotecan is much higher than its IC 50 against both hOCT1 and hOCT2 with the C max,unbound / IC 50 of 2.86 and 12.55, respectively. The C max port,unbound of irinotecan is nearly equal to that of C max,unbound (Table I) . We further examined the inhibitory potential of irinotecan towards the OCTs.
Irinotecan was pre-incubated with HEK293-hOCT1 and HEK293-hOCT2 cells for 15 min, and then the cells were thoroughly washed before performing morphine uptake. Interestingly, the inhibition of irinotecan on morphine uptake after irinotecan washes was almost the same as the above condition of co-incubation of irinotecan and morphine, suggesting a tight, irreversible binding of irinotecan to OCT transporters (data not shown). These data suggested that irinotecan could be a potent inhibitor of OCT1 and OCT2 in vivo, affecting the disposition of morphine.
Effects of Irinotecan on the Plasma and Tissue Concentrations of Morphine in Mice
To determine the effect of irinotecan on morphine disposition in vivo, we further determined the plasma and tissue concentrations of morphine in two groups (n = 6/ group) of mice. These two groups of mice were treated with irinotecan or sterile saline control at 30 min before intraperitoneally injection of morphine. The plasma concentrations of morphine at an early time point of 12 min after morphine injection showed no significant differences between the two groups. However, there was a significant difference in the plasma concentration of morphine at 30 min after morphine injection between the irinotecan-treated and control mice. The plasma concentration of morphine was 1.44-fold greater in the mice received morphine and irinotecan than that in control mice (594 ± 27.7 vs. 411 ± 32.8 ng/ml) (Fig. 4a) . The tissue accumulation of morphine were measured at 30 min after intraperitoneal morphine injection. As expected from the fact that Oct1 and Oct2 Dates are shown as mean ± SD (n = 6). ***P < 0.001.
are highly expressed in mouse kidney (25), we found a significant decrease in renal morphine accumulation in the irinotecan-treated mice (Fig. 4b) . After normalized by the plasma morphine concentration at 30 min after its intraperitoneal injection, this decrease was more apparent (Fig. 4c) . We did not observe any significant difference in accumulation in the liver (Fig. 4b ) and other tissues (data not shown) between these two groups of mice before normalization by the terminal plasma concentration of morphine. After the normalization, however, there was a significant decrease in hepatic morphine accumulation in the irinotecan-treated mice (Fig. 4c) .
DISCUSSION
In this study, we have not only confirmed morphine as a substrate for hOCT1 but also demonstrated, for the first time, the drug as a substrate for hOCT2. Moreover, we found that the cellular uptake of morphine by hOCT1 and hOCT2 may be easily subject to inhibition by other drugs that are coprescribed with morphine in the clinic. All of the six drugs examined in this study, including fluoxetine, imipramine, amitriptylin, irinotecan, ondansetron, and verapamil, were the potent inhibitors of morphine uptake mediated by both hOCT1 and hOCT2. Among the six drugs, we speculated that irinotecan was most likely to affect the disposition of morphine in the body in consideration of its inhibitory potency against the two transporters and the reported free drug concentrations in the plasma. Consistently, we have demonstrated that irinotecan affected the plasma concentrations and tissue accumulations of morphine, likely via inhibition of Oct activities, in mice.
Morphine undergoes extensive hepatic metabolism before renal elimination. It has been reported that the drug has very limited cellular membrane permeability by diffusion and carrier-mediated transport plays a critical role (12) . Several transporters including OCT1, ABCB1 and ABCB3 have been known to involve in the disposition of morphine and its metabolites (10, (26) (27) (28) (29) . These transporters are mainly expressed in the liver. In particular, OCT1 is an uptake transporter highly expressed in the sinusoidal membrane of human hepatocyte. Our confirmation of the previous findings for OCT1 as a morphine transporter suggests that this transporter may be a major determinant of morphine distribution and metabolism in the liver. hOCT1 is highly polymorphic in human populations (11, 30) . Those hOCT1 variants with C max,unbound : maximal plasma concentration of the unbound drug; C max port,unbound, maximal unbound plasma concentration in the portal vein a The maximal plasma concentration (C max ) was obtained from Goodman and Gilman's The Pharmacological Basis of Therapeutics except for the C max of ondansetron (Zofran, information for prescribers) and fluoxetine (23) b The maximal unbound plasma concentration in the portal vein (C max prot,unbound, ) was calculated by Tzvetkov et al. (12) decreased function led to not only a reduced morphine uptake in cell models but also an increased plasma concentration of morphine in human subjects due to a reduced liver distribution and consequently a reduced metabolism (31) . Interestingly, the genetic difference in OCT1 polymorphism has been recently implicated as an underlying reason for a higher plasma concentration of morphine in white American children as compared to those of African American children (32) . On the other hand, the efflux transporters ABCB1, which is primarily expressed on the canalicular side of hepatocytes, and ABCC3, which is located at the basolateral membranes of hepatocytes, also transport morphine and its metabolites M3G and M6G (10, 26, 27, 29) . Genetic polymorphisms of these efflux transporters may affect morphine clearance as well (29) .
The transporters in the kidney may also play a role in morphine disposition. The basolateral OCT2 and the apical MATEs of human proximal tubules constitute an important system which can mediate the elimination of cationic drugs from the circulation to the urine (21, 25, 33) . In our study, we demonstrated that morphine is a substrate for OCT2, but not for MATE1. hOCT2 genetic polymorphisms have been clearly shown to affect the disposition of certain substrate drugs. For example, the human subjects with OCT2 Thr199Ile, Thr201Met and/or Ala270Ser were reported to have significantly different systemic exposure of metformin from those carrying only reference alleles (34-36). Filipski et al. demonstrated that the carriers of the Ala270Ser appear to be at a lower risk of nephrotoxicity associated with cisplatin and the patients only bearing the reference sequence showed a significantly higher serum creatinine level (31, 37, 38) . Future studies can be carried to clarify whether OCT2 polymorphisms alter the disposition, efficacy and side effects of morphine.
Increasing evidence has indicated that a drug transporter can be a site of significant DDIs where a 'perpetrator' drug can affect the clearance and the systemic exposure of a 'victim' drug, resulting in exaggerated/diminished therapeutic and/ or side effects (39) . Morphine is commonly co-administrated with other drugs which may serve as Bperpetrator^agents via transporter inhibition and cause undesirable outcomes of morphine. In the present study, we studied six prescription drugs commonly co-administered with morphine. These tested drugs inhibited the uptake of morphine mediated by both hOCT1 and hOCT2 in a dose-dependent manner. The observed IC 50 values for hOCT1 inhibition were comparable to those reported in the previous study (12) . We compared the IC 50 values for both hOCT1 and hOCT2 with the unbound C max of these drugs (Table I) . It has been proposed that an inhibitor causing clinically appreciable inhibition of transporter activity may have a ratio of C max,unbound /IC 50 more than 0.1 (24) . Accordingly, among the six drugs studied, irinotecan and ondansetron are most likely to interact with morphine in the body via inhibition of OCT1 and OCT2. This is supported by our follow-up in vivo studies in mice. At the single dose of 45 mg/kg, which was scaled from a clinical dose of 125 mg/ m 2 [FDA CAMPTOSAR clinical pharmacology], irinotecan significantly decreased renal and hepatic accumulation and increased plasma concentrations of morphine in mice. Of note, there are certain differences in the tissue expression pattern of OCTs between humans and rodents. In rodents, Oct1 has a high level of expression in both kidney and liver that is comparable to that of Oct2, whereas hOCT2 is only predominantly expressed in human kidney and hOCT1 in human liver (40) . The inhibition of hOCT2 (C max,unbound /IC 50 : 12.55) by irinotecan was more potent than that of OCT1 (C max port, unbound /IC 50 : 2.87), suggesting that the effect of irinotecan on morphine renal clearance could be even greater in humans. Moreover, given the relatively long half-life of irinotecan (more than 10 h) (41) and the high ratio of C max,unbound /IC 50 for both OCT1 and OCT2, it is likely that irinotecan has a sustained inhibition on these transporters in humans, i.e., not only at its C max but also at a trough concentration in the plasma. We have to point out that the levels of morphine and its metabolites were measured in total as we dosed the radiolabeled morphine in mice in the present study. In humans, UGT2B7 converts morphine into M3G and M6G, whereas mice only form M3G. In our in vivo study, we measured the levels of morphine and M3G in total. The majority of morphine is excreted as its metabolites. Only approximately 10% of a morphine dose is excreted as unchanged morphine in urine from the body (42) . The significantly increase in renal accumulation of total morphine by irinotecan treatment in mice is intriguing. Although our data in mice, in consistent with the cellular results, supports a role of OCT function in the interaction between morphine and irinotecan in vivo, the exact contribution by OCTs remains unclear. Further studies are needed to clarify whether there is any significant species difference in morphine metabolism and whether the cellular uptake of morphine metabolites such as M3G and M6G into the kidney is dependent on OCT function. Alternatively, it is also likely that irinotecan is an inhibitor of the transporters involved in the excretion of morphine and its metabolites, such as ABCC3.
Morphine use is associated with a large unpredictable variability in analgesia and adverse effects (31) . DDIs are contributing factors. For example, the concomitant use of cimetidine, a histamine H 2 receptor antagonist, could potentiate the efficacy of morphine and increase the risk of respiratory depression, profound sedation, hypotension, coma, and death [MORPHABOND ER product insert] (43). Interestingly, cimetidine is a wellcharacterized inhibitor of OCT2 (36) . Irinotecan usually co-administration with morphine in advanced colorectal cancer (12, 44) . Our present study demonstrated that irinotecan had the most potent inhibitory effect among these tested drugs on the uptake of morphine mediated by the hepatic OCT1 and by the renal OCT2. In the present study, even though we did not directly establish that irinotecan could exaggerate therapeutic effects and/ or exacerbate the adverse reaction of morphine, we have characterized that irinotecan significantly increased the systemic exposure of morphine, possibly via inhibition of OCT transporters. Other drugs validated as OCT inhibitors in the present study include adjuvant therapies in pain treatment (fluoxetine, imipramine and amitriptyline), an anti-emetic given in cancer chemotherapy or peri-and post-operation (ondansetron), and the calcium channel blocker verapamil. In addition, morphine is used with antibiotics in antidiarrheal therapy. Important antibiotics such as fluoroquinolones (gatifloxacin, prulifloxacin and moxifloxacin) have been identified as potent inhibitors of hOCTs (45, 46) .
In summary, we have demonstrated that human OCT1 and OCT2 mediate the cellular uptake of morphine and the inhibition of OCT activities by irinotecan may alter the disposition of morphine in the body. Given that the patients requiring morphine for pain management commonly receive concomitant medications, clinicians should be aware that the therapeutic and/or toxic effects of morphine may be significantly affected by those co-administrated inhibitors and/or substrates of morphine uptake transporters.
